calorimeter, we determined that 2,5-A&I (300 mg/kg ip) causes a potent and long-lasting decrease in respiratory quotient, indicating a decrease in the fraction of total energy derived from carbohydrate oxidation and an increase in the fraction derived from fatty acid oxidation. These metabolic variables were altered without affecting total metabolic rate.
Integrative Comp. Physiol. 37): R299-R302, 1995.-The fructose analogue 2,5-anhydro-D-mannitol(2,5AM) increases food controls of food intake.
intake in nondeprived rats. Several lines of evidence indicate that vagal signals arising from the liver are critical for this effect. In addition, 2,5-AM decreases plasma glucose and indirect calorimetry; analogue; metabolism; food intake; respiincreases lipolysis, resulting in an increase in plasma free fatty acids and ketone bodies. In these respects 2,5-AM produces a ratory quotient; fructose state analogous to that observed after food deprivation. Using an indirect calorimeter, we determined that 2,5-A&I (300 mg/kg ip) causes a potent and long-lasting decrease in respiratory quotient, indicating a decrease in the fraction of total energy derived from carbohydrate oxidation and an increase in the fraction derived from fatty acid oxidation. These metabolic variables were altered without affecting total metabolic rate.
5-TG, the administration of 2,5-AM decreases plasma glucose and increases levels of plasma free fatty acids, glycerol, and ketone bodies, indicative of an increase in lipolysis and fatty acid oxidation (18). In these respects 2,5-AM produces a spectrum of changes more similar to that which occurs after moderate food deprivation. 2,5-AM may therefore provide a more appropriate tool to probe the normal metabolic controls of eating than either 2-DG or 5-TG.
Several lines of evidence indicate that, when given peripherally, 2,5-AM the feeding response caused by low doses of 2,5-AM (19).
acts in liver to stimulate eating. Like fructose, 2,5-AM In vitro and in vivo studies support the hypothesis is taken that as 2,5-AM becomes phosphorylated, phosphate is up mainly in the liver and is undetectable in the brain. Portal venous infusions of trapped and is consequently not available for incorpora-2,5-AM result in an earlier feeding response and a response that occurs at lower concentrations tion into ATP (9,13,16). There is a resultant decrease in than jugular vein infusions. Hepatic branch vagotomy cellular ATP levels in hepatocytes (16), and this is thought to be part of the mechanism by which 2,5-AM eliminates elicits feeding (10). Supportive evidence includes the GLUCOSE ANALOGUES that interfere with cellular metabolism have often been used to study the contribution of metabolic function to the control of ingestive behavior. Both 2-deoxy-D-glucose (2-DG) and 5-thio-D-glucose (5-TG) block the cellular utilization of glucose for the production of ATP (l), and both initiate feeding in nondeprived rats when administered either peripherally or centrally (14, 15). 2-DG and 5-TG are considered to act primarily centrally by producing neural glucopenia (17). Because eating in these instances occurs simultaneously with an adrenomedullary discharge of catecholamines and consequent hyperglycemia (5), 2-DGinduced ingestion has been classed as an emergency eating response to defend against impending glucopenia and may not be representative of normal feeding behavior.
observations that 1) 2,5-AM is rapidly phosphorylated in the liver, with a time course that parallels the behavioral response; 2) ATP decreases during 2,5-AM infusion within a time frame in which the eating response occurs; and 3) during the enhanced feeding response to 2,5-AM, urinary uric acid levels are increased, indicating an increase in hepatic adenosine degradation (10). Finally, administering phosphate along with 2,5-AM prevents the feeding response (ll), and lowering hepatocyte ATP levels by alternate means also elicits feeding ( 12).
To further characterize the metabolic effects of 2,5-AM at a whole organism level, we assessed energy expenditure and the relative rates of fat and carbohydrate oxidation in rats using indirect calorimetry. The 2,5-AMmediated increase in plasma levels of ketone bodies The fructose analogue 2,5-anhydro-D-mannitol (2,5-indicates increased oxidation of free fatty acids. If this AM) also increases food intake in nondeprived animals condition is similar to that which occurs during food (18). However, in contrast to what occurs after 2-DG or deprivation, an increase of fatty acid oxidation will be chamber at 0900, and VO, and VCO~ were monitored for the following 8 h. Water but not food was available ad libitum. At 1200 the animals were briefly removed from the calorimeter, given an intraperitoneal injection of either 2,5&M (300 mg/kg in saline) or vehicle, and placed back in the calorimeter for the remaining 5 h. All animals were given 2,5-AM and saline in a counterbalanced design, with at least 8 days between the two conditions. Experiment 2. The animals used in experiment 1 also served as subjects in experiment 2. On experimental days, they were given an intraperitoneal injection of 2,5-AM (300 mg/kg in saline) at 1200. Food intake was measured hourly for the next 5 h and after 24 h.
Statistics. Calorimetry data were analyzed by repeatedmeasures analysis of variance (ANOVA) with drug (2,5-AM or saline) as a between-subject factor and time as a within-subject factor. Food intake values were analyzed by 2-way ANOVA with drug and time as independent factors. RESULTS Experiment 1. RQ declined rapidly starting almost immediately after injection. Although this was true after saline or 2,5-AM injections, the decline was greater after 2,5-AM, reaching a minimum of 0.79 at 2 h after injection (Fig. lA) . The decrease after 2,5-AM injection became statistically greater than that after saline by 2 h after injection.
In contrast, energy expenditure was essentially constant at 8.4 kcal kg-l. minl for the duration of the measurement period after injection of either vehicle or analogue (Fig. 1B) . This value was not reliably different from preinjection energy expenditure for either condition.
Carbohydrate oxidation declined in both conditions in parallel to the change in RQ. 2,5-AM caused a significantly greater decrease of carbohydrate oxidation than saline, which reached a minimum by 3 h after injection (Fig. 1C) .
Fatty acid oxidation increased over the 5 h after injection, with 2,5-AM causing a greater increase than saline. The difference became statistically significant by 2 h after injection (Fig. 10) .
Experiment 2. Animals ate significantly more chow in the first 5 h after 2,5-AM than after vehicle (Fig. 2) . Analysis of the data revealed significant main effects of drug (F = 14.04, P = 0.000) and time (F = 4.93, P = 0.001). There was no significant interaction effect. Total food intake for the 24 h after injection was not different for animals in the two conditions:
23.6 and 23.1 g, respectively.
DISCUSSION
When animals are food deprived, carbohydrate oxidation rate decreases as glycogen stores become exhausted, and fatty acid oxidation increases as adipose tissue fat stores are utilized for energy requirements.
Animals in this condition, when offered food, tend to eat. Using indirect calorimetry, we have demonstrated that 2,5-AM, when given intraperitoneally, causes a change in whole body metabolism consonant with the metabolic changes that occur during food deprivation;
i.e., both RQ and carbohydrate oxidation rate decrease and fatty acid oxidation increases.
Like food deprivation, 2,5-AM causes a small but reliable increase in food intake under these conditions. When the rats were given saline as a control injection, they consumed 1.1 g, whereas this amount was almost doubled after 2,5-AM. These results are consistent with reports of 2,5-AM at the same dose given under similar conditions (11, 18, 19) .
These metabolic changes after 2,5-AM differ considerably from those elicited by other metabolic inhibitors. 2-DG, for example, causes an increase in RQ (3). The effects of 2,5-AM also differ from those of fructose infusions in that the latter causes an increase in carbohydrate oxidation rate (20). The calorimetry results are, however, consistent with reported changes of plasma glucose and free fatty acids in rats given 2,5-AM (17), i.e., a decrease in plasma glucose along with an increase in free fatty acids, glycerol, and ketone bodies, indicating an increase in fatty acid oxidation.
One factor that confounds the interpretation of any calorimetric data is the possibility that our treatments have altered either gluconeogenesis or lipogenesis activity. For example, if 2,5-AM caused an increase in gluconeogenesis, the conversion of metabolites to glucose would cause an underestimation of RQ (4), the real RQ level would be substantially greater, and the real rate of carbohydrate oxidation would also be greater. However, 2,5-AM has been shown to block gluconeogenesis in rat hepatocytes (16). An increase in lipogenesis in the control group would result in an overestimation of carbohydrate oxidation rate and RQ (4) and could be invoked as explaining the greater RQ and carbohydrate oxidation rate seen in the control group compared with the 2,5-AM-treated group. Inasmuch as the injection procedure is a stressor, lipogenesis activity would be reduced via the action of stress-released norepinephrine on adipocytes.
Lipogenesis in the 2,5-AM group is considered unlikely because the drop in plasma glucose and insulin would tend to promote lipolysis rather than lipogenesis. Therefore, if anything, the current data are an underestimation of the actual differences between the control and 2,5-AM groups.
Food deprivation in both humans and other mammals generally induces a reduction in energy expenditure (6). This reduction is believed to be an adaptive change that minimizes loss of body mass (2, 8). Unlike food restriction, administration of 2,5-AM did not lead to a reduction of energy expenditure compared with either saline administration or the preinjection baseline. With the exception of energy expenditure, however, the administration of 2,5-AM appears to mimic the effect of food deprivation on several metabolic parameters in the rat. It is not known whether the decrease in energy expenditure that occurs during food deprivation is involved in the eating response that occurs when food is made available after a fast. It is possible that decreased energy expenditure does provide a signal to eat, but because 2,5-AM has a relatively selective action in the liver, the decrease in energy expenditure was restricted to that organ and was not detectable in our indirect calorimetry system. Alternatively, a reduction in whole body energy expenditure may not stimulate hunger during fasting. Further comparison of the metabolic and behavioral effects of 2,5-A&I and food deprivation may shed light on this issue. Thus far, the similarities to date support the continued use of 2,5-AM as a tool to probe the metabolic controls of food intake.
